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A laboratory diffraction system capable of illuminating individual grains in a polycrystalline matrix
is described. Using a microfocus x-ray source equipped with a tungsten anode and prefigured
monocapillary optic, a micro-x-ray diffraction system with a 10 �m beam was developed. The beam
profile generated by the ellipsoidal capillary was determined using the “knife edge” approach.
Measurement of the capillary performance, indicated a beam divergence of 14 mrad and a useable
energy bandpass from 5.5 to 19 keV. Utilizing the polychromatic nature of the incident x-ray beam
and application of the Laue indexing software package X-Ray Micro-Diffraction Analysis Software,
the orientation and deviatoric strain of single grains in a polycrystalline material can be studied. To
highlight the system potential the grain orientation and strain distribution of individual grains in a
polycrystalline magnesium alloy �Mg 0.2 wt % Nd� was mapped before and after tensile loading. A
basal �0002� orientation was identified in the as-rolled annealed alloy; after tensile loading some
grains were observed to undergo an orientation change of 30° with respect to �0002�. The applied
uniaxial load was measured as an increase in the deviatoric tensile strain parallel to the load axis.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2437777�

I. INTRODUCTION

Historically, the potential of the Laue method has been
restricted to single crystal and large grain crystal structures.
Such restrictions are the result of limited flux in laboratory
x-ray sources and the complex nature of experimental Laue
patterns arising from polycrystalline materials. Using the
continuous spectrum of high brilliance synchrotron sources,
precision focusing optics, along with the availability of high
speed computers, the potential of the Laue method has been
rediscovered in recent years. For example, Laue micro-x-ray
diffraction ��XRD� has been used to study the orientation,1

residual stress,2 and defect concentration3,4 within individual
grains of polycrystalline materials. With focused spot sizes
less than 100 nm reported,5 �XRD shows potential for solv-
ing problems presently encountered in existing microscopy
techniques. For example, TEM studies of heavily deformed
Mg alloys are problematic due to contrast overlap caused by
large concentrations of dislocations and twinning defects.
Similar problems have also been observed in electron back-
scattering diffraction studies.6

Although synchrotron beamlines lead the development
of future �XRD experimentation, an inherent problem which
is particularly apparent in this field is the increasing demand
and limited availability of synchrotron-based �XRD re-
sources. Utilizing modern x-ray source and optics develop-
ment, laboratory �XRD instrumentation and experimenta-
tion is an area of growing interest. In recent years, the

successful application of laboratory �XRD instrumentation
has led to the availability of commercial systems with a spa-
tial resolution ranging from 50 to 300 �m.7

Microbeam formation processes rely on the ability to
efficiently image or demagnify the x-ray source onto the
sample. Various formation techniques have been proposed
and one of the most successful methods, based on mirror
focusing, was pioneered in the 1950s.8 More recently, other
focusing mechanisms have been studied by many research-
ers. Some of these optic designs include zone plates,9,10

single/poly capillaries,11 microchannel plates,12 and com-
pound refractive lenses.13 Although many focusing optics ex-
ist, each approach is intrinsically linked to the properties of
the x-ray source and focus requirements, consequently most
focusing methods are application specific.14 For example,
white beam �XRD requires a focusing optic with high spa-
tial resolution and broad energy bandpass; Kirkpatrick-Baez
mirrors and capillary optics have traditionally been used to
meet these demands.11

Capillary focusing is one area of x-ray optics research
that has undergone considerable development, especially for
the generation of microbeams using laboratory x-ray sources.
Several competing factors must be satisfied to achieve an
optimal capillary design. These include the focused beam
size requirements, beam divergence, and x-ray source.15 The
physical basis underpinning capillary design is the total ex-
ternal reflection of x rays from a smooth surface.16 Conse-
quently material and surface roughness properties play a
leading role in describing the optic performance. Typically
glass capillary optics are preferred due to their high � /�a�Electronic mail: Peter.Lynch@csiro.au
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ratio, where � represents the imaginary absorption compo-
nent and � the real dispersion component of the complex
refractive index. One of the first demonstrations of fiber tech-
nology as applied to capillary optics was reported by Rindby
�1986�,17 the relationship between x-ray energy and observed
x-ray deviation in a pyrex glass fiber was quantified by mea-
surement of the critical angle for total reflection. Using a
straight capillary design, beam sizes down to about 10 �m
were achieved from standard x-ray tubes.18

Subsequent optic design has utilized drawing processes
to manufacture prefigured geometries that exhibit superior
performance characteristics. Some of these shapes include;
tapered/conical,19,20 parabolic,21 and ellipsoidal.22 A common
feature of these prefigured optics is their condensing type
nature, i.e., photons entering the capillary bore undergo total
external reflection along the optic length until they emerge
from the exit bore. This can be problematic because the inner
wall surface roughness plays a major role in terms of the
transmission efficiency. Moreover, a reduction in the beam
size introduces increased beam divergence which places sig-
nificant restrictions on the sample positioning to achieve
maximum flux from the optic. It is found that the transmis-
sion efficiency of capillary devices can be drastically im-
proved by reducing the number of reflections a photon must
undergo.23 Improvements in this area have been reported
through the development of single bounce optics; it has been
demonstrated that a paraboloidal prefigured capillary is ca-
pable of producing a transmission efficiency of �90% with
the focal plane well beyond the exit aperture.15 Most re-
cently, it has been highlighted that as a result of the improve-
ments initiated by prefigured optics, the major gain is pres-
ently achieved by minimizing the slope deviation from the
ideal guiding figure.14

Quality prefigured optics coupled with high brilliance
microfocus x-ray sources have displayed considerable prom-
ise in laboratory applications. In general, monocapillary and
polycapillary optics are used for diffraction and fluorescence
measurements, respectively. Using a parabolic optic and cus-
tom built x-ray generator Yamamoto 24 designed a laboratory
instrument with a spatial resolution of 0.8 �m. X-ray fluo-

rescence �XRF� and diffraction spectra were used to study
the microstructural properties of high performance ultra-
large-scale integrated devices. Using a laboratory �XRF
spectrometer equipped with a capillary optic, Wegrzynek25

conducted a feasibility study highlighting the capabilities of
absorption based computer microtomography imaging. Case
studies were carried out on various samples and a spatial
resolution of a few tens of micrometers was reported. Based
on a modular design, Bjeoumikhov et al.26 used a commer-
cial low-power microfocus source with various polycapillary
optics to perform �XRF and �XRD. For the diffraction ex-
periments absorbing foils were introduced in order to obtain
a reasonable degree of monochromaticity in the primary
beam. One of the underlying features apparent in the
laboratory-based �XRD literature is that although the studies
highlighted the natural polychromatic bandpass of the capil-
lary, diffraction experiments were confined to the high-
intensity characteristic lines of the incident beam/source.

In the present contribution a laboratory system that uti-
lizes the background continuum radiation to collect poly-
chromatic Laue data is reviewed. Measurements have been
performed to address the properties of the incident beam pro-
file and performance of the capillary optic. Finally, applica-
tion of the laboratory �XRD system to study the individual
grain orientation and deviatoric strain in a polycrystalline
magnesium alloy MgNd �magnesium 99.98%, Nd 0.2%� is
demonstrated.

II. MICRODIFFRACTION SYSTEM

The x-ray microdiffraction system developed in this
work is illustrated in Fig. 1. The specific microstructural in-
formation that can be studied with this instrumentation is
highly sample dependent, in particular, grain size dependent.
In the first instance, where the grain size is less than the
focused x-ray spot size, crystal structure information relating
to the phase, grain �domain� size, and macroscopic deforma-
tion �stress/strain� relationships can be achieved. Alternately,
when the sample grain size is of similar dimensions or
greater than the incident x-ray beam, grain specific informa-

FIG. 1. Schematic illustration showing the design and
geometry of the laboratory �XRD system. The inset
provides a detailed view of the capillary housing and
shutter/mirror system with respect to the laser used for
sample alignment.
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tion can be realized. Accordingly, the instrumentation design
has been optimized for the latter case, i.e., Laue �XRD stud-
ies. As illustrated in Fig. 1, a laboratory based �XRD system
requires several key hardware components, including; a mi-
crofocus x-ray source, focusing capillary x-ray optic, high-
resolution sample mapping stage and area detection system.

The objective in designing the source and preoptic con-
figuration illustrated in Fig. 1 was to maximize the number
of photons incident upon the sample within the desired spot
size without introducing excessive beam divergence. Accord-
ingly, it was possible to produce a 10 �m x-ray spot by using
a commercially available microfocus x-ray source �Feinfo-
cus� equipped with a W anode and a focusing capillary x-ray
optic �AXCO�. Based on the resources available for calculat-
ing the efficiency of a 10 �m focal spot for �XRD applica-
tions, the underpinning system features were the source
brightness and capillary gain/efficiency.

For the present application, the x-ray source figure of
merit is brightness which is directly related to the maximum
power density, and therefore the minimum beam diameter of
the incident electron beam which can be delivered to the
target anode without causing damage. Using the steady state
heat flow equation, Grider et al.27 presented a method for
measuring the electron beam radius and hence x-ray source
radius in a microfocus tube as a function of the electron
beam power corresponding to the onset of target damage. For
three different target materials, a linear dependence was ob-
served between the source size and applied power. As an
approximate guide, the source size scaled according to the
applied power in a 1:1 ratio, i.e., for each watt of power the
source size increases by �1 �m2. For the present microfocus
x-ray source, based on the manufacturer’s guidelines, the op-
erating conditions range from 0–160 kV with an anode cur-
rent of 0–3 mA. Experiments were undertaken to determine
the optimum source operating conditions. Although depen-
dent upon the efficiency of the capillary optic and x-ray
source power limits, the experimental settings used in this
study were 30 kV and 1–3 mA, a maximum power of 90 W,
with a corresponding source size ranging from 30 to 90 �m2.

A focusing capillary optic supplied by AXCO28 was
manufactured according to the x-ray source size, focus prop-
erties, and spectral transmission requirements. To optimize
the capillary gain and efficiency, the ability to model the
transmission efficiency according to profile shape23 and to
accurately fabricate a predefined capillary profile was essen-
tial; this task was conducted by AXCO. Using their novel
fabrication technique an ellipsoidal shaped optic 110 mm
long, with a theoretical focal spot size of 10 �m and gain of
180� was manufactured for the �XRD system.

The inset of Fig. 1 shows a schematic illustration of the
capillary design with reference to the source position. Sev-
eral key manufacturing features were essential for this de-
sign, including location of the capillary entrance aperture 12
mm away from the source, this enabled the standard Be win-
dow on the source to remain in place. The optic was also
fixed within two brass cylinders, the smaller diameter cylin-
der positioning the optic while the larger diameter provides
mechanical strength and support for Oriel DC Mike motors
needed to automate X and Y translations near the entry and

exit bore of the capillary. Moreover, this design acts as a
form of shielding, minimizing background leakage caused by
high energy x rays penetrating through the capillary walls. At
the capillary focal plane an aperture was added to restrict the
component of the direct beam passing through the capillary
without undergoing reflection. Although the intensity of this
component of the direct beam is small compared to the fo-
cused spot, the aperture was justified as it reduces the inten-
sity in the tail of the incident spot distribution.15 Further-
more, the aperture also blocks incident x rays that may have
undergone transmission through the capillary walls.

To accurately align the sample and to perform localized
area mapping studies, a high-resolution XYZ stage was
mounted on the diffractometer axis of rotation. Positioning
the specimen region of interest with respect to the x-ray fo-
cus was achieved by the introduction of a laser beam onto
the sample surface along a coaxis of the x-ray beam, as
shown in Fig. 1. To collect the diffraction data high-
resolution image plates �200 mm�250 mm, 25 �m pixel
size� were positioned on a slide rail mounted on the 2� arm
of the diffractometer. For indexation purposes it was essen-
tial to provide an accurate and reproducible method for po-
sitioning the image plate with respect to the incident beam.
This aspect was resolved by manufacturing an image plate
holder which incorporated a series of apertures for precise
relocation after processing. Moreover, due to the physical
size of the image plate it was possible to record the position
of the direct beam which was also used as a further reference
point.

A. Characteristics of the incident x-ray beam

1. Optic alignment

Capillary alignment was automated by Oriel X and Y
translation drives mounted perpendicularly to the beam
propagation direction at the entrance and exit of the capillary.
Observation of the beam issuing from the capillary was
achieved by imaging the focused spot using a charge-coupled
device �CCD� detector placed approximately 50 mm from
the focal plane. When the capillary was suitably aligned an
intense spot surrounded by an annulus of comparable inten-
sity was observed �Fig. 2�. The annulus could be moved with
small translations of the capillary tip, however the central
spot remained stationary during these translations. From
these observations it was concluded that the central spot con-
sisted of x-rays that had not been reflected by the capillary
walls and was emanating directly from the source. The sur-
rounding annulus corresponded to x rays undergoing total
external reflection from the capillary walls, diverging past
the focal plane.

In an attempt to provide a quantitative method for the
optic alignment a scintillation detector with a pulse height
discriminator set at various energy levels �Cu K�, Mo K��
was used to measure the observed count rate as a function of
the capillary translation position. Although this approach
provided a measure of the incident intensity, this was prob-
lematic because it was necessary to attenuate the direct beam
with Al filters, resulting in beam hardening. Bearing this in
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mind it was possible to minimize this effect by recording the
output energy spectrum of the incident beam using an energy
dispersive Si�Li� detector.

2. X-ray focus
Once the x-ray throughput of the optic was maximized,

the size and profile of the emerging beam was determined
using the knife edge method.19 To perform this task a piece
of tantalum with a highly polished edge was mounted paral-
lel to the face of the aperture on the high-resolution XYZ
translation stage. A scintillation detector set for Cu K� and
Mo K�, positioned 50 mm from the aperture, was used to
monitor the observed incident beam intensity as the knife
edge was translated laterally through the beam issuing from
the capillary. Stepping in 1.0 �m increments enabled one to
estimate the beam size in the horizontal and vertical direc-
tions, Fig. 3�a� highlights this result for translation of the
knife edge in the horizontal �X� direction. The rate of change
of the observed intensity with respect to the knife edge po-
sition was calculated and the full width at half maximum
�FWHM� intensity found. Figure 3�b� shows this differential
data and the calculated FWHM obtained from fitting a
Gaussian function to the data; in this instance the fitted
FWHM was 9.2 �m. In performing subsequent analysis, the
fitted Gaussian function of the differential data was highly
dependent on the initial and final slope of the knife edge
data, illustrated in Fig. 3�a�, corresponding to no interception
of and then totally blocking the beam, respectively. As a
result the FWHM could only be used as an approximate
measure of the beam size emanating from the capillary. In-
dependent of this discrepancy, the result confirms that the
beam was confined within the capillary bore and exit defin-
ing aperture. Furthermore, this confirms the present source/
optic configuration produces a 10 �m incident beam.

3. Beam divergence and optic gain
Two parameters intrinsically linked to the performance

of a focusing capillary are the beam divergence and optic
gain. In other words, the increased x-ray flux at the focal
plane achieved with the optic must be considered in terms of
the level of collimation necessary to satisfy the experimental
requirements. For example, an area of intended research that
will be undertaken using the present instrumentation is the
analysis of smearing in Laue patterns arising from grain de-
formation. As the FWHM measure of the Laue spot will be
utilized, it is necessary to ensure broadening arising from
beam divergence is negligible compared to deformation in-
duced smearing. Consequently, to achieve a practical focal
spot of 10 �m, a divergence of �10−15 mrad is considered
adequate for the majority of applications.

To quantify the experimental broadening in the measured
Laue data arising from beam divergence, it was necessary to
collect a Laue pattern from a strain-free Si single crystal.
Employing a diverging reflection geometry29 with the sample
at the beam focus and image plate beyond the focus at a
distance of 150 mm, a measure of the divergence could be
ascertained. A portion of the collected data is shown in Fig.
4. In this case the broadening associated with the measured
Laue spot is the convolution of the incident beam spot size,
x-ray source energy distribution, beam divergence, and mo-

FIG. 2. CCD image recorded at a distance of �50 mm from the end of the
exit aperture of the optic, showing the central spot surrounded by a uniform
annular ring due to x-rays undergoing total external reflection from the
capillary walls.

FIG. 3. Knife edge test of the beam emerging from the capillary/aperture.
Data were collected using a scintillation detector with the pulse height dis-
criminator set at 8.04 keV. �a� Data collected as the knife edge undergoes
x-translation. �b� Differential data of the knife edge experiment and corre-
sponding Gaussian fit with a FWHM=9.2 �m.
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saic spread of the crystal. Assuming divergence is the domi-
nant effect, from measurement of the spot size and with
knowledge of the image plate distance from the sample, the
experimentally determined divergence was found to be 14
mrad which is in reasonable agreement with the theoretical
divergence of 12 mrad.

For the present experimental setup the gain in x-ray flux
at the focal plane realized with the focusing capillary optic
was measured. The optic performance was determined by
recording the integrated intensity at the focal plane with the
capillary in position, compared to the recorded integrated
intensity for a 20 �m aperture at the same distance from the
source. Furthermore, to verify the measured capillary perfor-
mance against the theoretically calculated gain for a single
bounce ellipsoidal optic, several different source conditions
were examined. Both the theoretical and experimentally
measured optic gains are summarized in Table I.

The experimental results are in approximate agreement
with theoretically calculated gain values for each source
power loading. As an energy dispersive detector was not

available to perform the gain measurements the difference
between experimental and theoretical results may be due to
the energy response of the image plates used to record the
spot intensity. This is in agreement with experimental studies
of an image plate pixel value response to the x-ray beam
energy spectrum.30 Furthermore, as a x-ray shutter was not
installed on the system a small error may arise in the experi-
mental results due to slight timing discrepancies. Both the
theoretical and experimental values highlight the impact of
the source size �power loading� on the optic collection effi-
ciency, i.e., as the power loading is increased the source size
expands well beyond the 6 mrad collection solid angle of the
capillary entrance resulting in a substantial gain decrease.
Finally, as the experimental gain is a maximum �73%� at 30
kV, 1 mA with respect to the theoretical result this is evi-
dence the fabricated ellipsoidal optic shape is in close agree-
ment with the initial theoretical design specifications based
on a 30 �m2 x-ray source.

4. Energy spectrum
The most challenging requirement of Laue diffraction on

a laboratory level is to maximize the low-intensity con-
tinuum spectrum. In this instance, a x-ray tube with a high
atomic number �Z� anode material is seen as a considerable
advantage, since the continuum radiation is proportional to
�Z�. For example, due to the difference in atomic number
between the elements Cu and W, the observed white radia-
tion from the W tube will be �2.5� more than a Cu tube
operated at the same power. With this gain in intensity a W
anode was essential for the present application. Another con-
sideration in regard to the source was the applied power, as
both the characteristic and continuum spectrum scale with
applied power it was necessary to maximize this operating
condition. However, as discussed in Sec. II the source size is
also load dependent. Therefore, a compromise had to be
made between the maximum intensity and minimum source
size so the most effective collection efficiency of the optic
could be realized. It was then necessary to test the ideal
source settings with the optic in place. After several studies
30 kV and 1–3 mA appeared to suit the optic/source combi-
nation, which equates to a source size of �30−90 �m.

The inherent characteristics of the capillary further as-
sisted in obtaining a polychromatic bandpass for Laue dif-
fraction experiments. That is, a focusing type capillary is
designed with an incoming acceptance angle, within which
incident photons of a given energy undergo total external
reflection at the capillary walls and are focused at a point
beyond the exit aperture. For the ellipsoidal capillary the
acceptance angle was designed for an x-ray energy cutoff of

FIG. 4. Laue data from a Si �111� single crystal collected at a sample to
image plate distance of 150 mm, the inset shows a diffraction spot at 3�
magnification.

TABLE I. Theoretical and experimental optic gain for a 20 �m focused spot
at four source power settings.

Applied voltage
�kVp�

Applied current
�mA� Theoretical gain Experimental gain

30 1.00 700 507
30 1.66 400 273
30 2.33 270 176
30 3.00 180 114

023904-5 Rev. Sci. Instrum. 78, 023904 �2007�

Downloaded 08 Apr 2008 to 128.250.49.72. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



22 keV. Therefore, ignoring efficiency losses, all x rays en-
tering the capillary with an energy less than 22 keV that
undergo total external reflection will emanate from the cap-
illary at the focus.

To measure the observed energy bandpass incident on
the sample, an energy dispersive detector was placed 50 mm
from the exit aperture of the capillary. The observed energy
spectrum from the focused spot is given in Fig. 5. The re-
corded data was collected for 100 s with a source accelerat-
ing voltage of 30 kV and current of 3 mA. Although the aim
was to maximize the white radiation, due to the applied volt-
age �30 kV� the intensity of the characteristic W L� and
W L� lines shown in Fig. 5 are significantly higher than the
continuum maximum. From observation of the energy band-
pass emanating from the capillary and from indexing the
diffraction pattern arising from the Si reference material, out-
lined in Sec. II B, the useable energy bandpass of the capil-
lary was from 5.5 to 19 keV.

It should be noted that the presence of characteristic and
continuum components of the x-ray spectrum in the focused
spot can be easily identified in the collected diffraction pat-
tern. For example, when a specimen displays a random ori-
entation with grain size equivalent and/or greater than the
focused spot size, the probability of obtaining diffraction
from a characteristic line is low and consequently the Laue
patterns arise from the continuum spectrum. Conversely
when a polycrystalline sample exhibits a grain size signifi-
cantly smaller than the spot size a Debye Scherrer ring pat-
tern is observed, since the probability of many small crystal-
lites obeying the Bragg diffraction condition corresponding
to the energy of the characteristic radiation is significantly
increased. Therefore, the analysis procedure is highly depen-
dent upon the specimen’s grain size.

B. Instrument calibration

In terms of the instrumental requirements, one of the
main prerequisites for crystal structure determination is pre-
cise knowledge of the instrument geometry. Instrument cali-
bration represents the first step toward the successful index-

ation of a measured Laue pattern and subsequent analysis.
Calibration was performed by collecting data from an “ideal”
strain free single crystal sample; for this task a Si �111�
single crystal was used. The recorded reference pattern,
given in Fig. 6, was obtained using a symmetric reflection
geometry with the sample ��� angle at 20°, image-plate
angle �2�� centered at 40°, at a distance of 45 mm from the
sample. For these experiments image plates were preferred
due to their high x-ray sensitivity and the associated low
intensity of the diffraction pattern. Diffraction patterns were
also collected with a CCD detector and these preliminary
CCD measurements will be discussed in Sec. IV.

For indexation of the Si single-crystal pattern and ex-
perimental patterns arising from the polycrystalline samples
the �XRD software package X-Ray Micro-Diffraction
Analysis Software �XMAS� �Refs. 31 and 32� was em-
ployed; for further details the reader is referred to Ref. 33.
Prior to indexation, the known experimental conditions are
required as input for the XMAS indexation package and
these parameters include: the image-plate window size
�100 mm�70 mm�; the � and 2� angles of 20° and 40°,
respectively; energy bandpass of the tungsten source �5.5 to
19 keV; an estimate of the sample-to-detector distance �dd
�45 mm� and the center position of the image plate �detec-
tor� in the x direction �Xcent� and y direction �Ycent�, which
were initially set to Xcent=350 and Ycent=500.

After successfully indexing the Si reference pattern, fur-
ther refinement of the geometrical parameters dd, �Xcent�,
�Ycent� can be achieved by the method of triangulation.34

After recording several Si reference patterns by varying the
distance between the specimen and image plate in 5 mm
increments �i.e., dd=45,50, . . . ,70 mm triangulation can be
used to determine a more accurate measure of the distance

FIG. 5. Energy dispersive spectrum of the focused x-ray spot emerging from
the capillary.

FIG. 6. Measured diffraction pattern from Si �111� single crystal reference
material. Data collected at 30 kV, 3 mA with an exposure time of 45 min.
White boxes and corresponding Miller indices represent the fit achieved for
the experimental data.
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dd for the closest recorded pattern �dd=45 mm together with
the �Xcent� and �Ycent� values for this pattern. After updat-
ing these parameters, final calibration of the instrumental pa-
rameters including the detector tilt and rotation angles Xalfd,
Xbetd , and Xgam can be refined for the reference material.
These final calibrated parameters are listed in Table II. The
final indexation result for the Si reference pattern, obtained
with these settings, is illustrated in Fig. 6. Indexed Laue
spots in the collected data are signaled by a white box with
associated Miller indices. Ensuring the instrument geometry
is unchanged the geometric settings given in Table II are
incorporated as instrument input parameters for indexation of
samples with unknown orientation.

III. OBSERVATION OF GRAIN ORIENTATION AND
LATTICE STRAIN IN MgNd

To highlight the system capability to track the orienta-
tion and strain of individual grains in a polycrystalline ma-
terial, diffraction measurements were collected from a cast
Mg-Nd �99.98% Mg, 0.2% Nd� alloy sample. The cast Mg
alloy was prepared by hot rolling to a thickness of 1 mm.
After a post-rolling anneal the sample was polished to pro-
vide an estimate of the average grain size �Fig. 7�. From
optical microscopy measurements grains were found to be
approximately equiaxed with a size varying from 10 �m to
�100 �m.

For the present study two sets of �XRD measurements
were collected; the first set was recorded for the annealed
sample while the second set was collected after the specimen
had undergone uniaxial tensile loading to an engineering
strain of 2.5%. All data collection was undertaken using the
same experimental geometry as employed for the Si refer-
ence material. That is, symmetric reflection with the sample
angle �=20°, 2�=40° and the refined sample-to-detector
distance dd=46 mm. To provide a measure of the change in
orientation and strain of neighboring grains the scanning
�XRD approach was used.35 In this mode, the sample is
raster scanned �20 �m steps� under the focused x-ray beam.
For each step increment a diffraction pattern was recorded, in
total a 100 �m line scan was collected before and after ten-
sile loading. For the W x-ray energy spectrum emanating
from the capillary optic, at 10 keV the attenuation length of
Mg is �300 �m. As a result it was anticipated that each
recorded diffraction pattern would represent an illumination
of 10–15 grains. An example of the recorded data for the
annealed sample is given in Fig. 8. From the complex “spot-
ted” diffraction pattern it is clearly evident that the grain size
is greater than or of similar size to the incident beam size.

Due to the complexity of the measured patterns only
grains indexed with at least 15 diffraction spots were consid-
ered. Based on this criteria it was possible to determine the
orientation matrix of about ten grains in each experimental
pattern. It should be noted with image-plate data collection,
time requirements made it prohibitive to perform triangula-
tion to resolve depth information of the diffracting grains. It
is anticipated the efficiency of this aspect of the work will be
greatly improved by incorporating a CCD detector, an area
of future development for the present system. Consequently,
the results presented are based on the indexed grain from
each image which displays the highest integrated intensity.
For example, indexation of the diffraction spots from a single
grain, each spot highlighted by a white box with associated
Miller indices, for the annealed specimen is illustrated
in Fig. 8.

Utilizing the refined orientation matrices for each of the
“highest integrated intensity” grains, the out-of-plane and in-
plane orientations were calculated. Results for the line scan
data are illustrated in Fig. 9 for the Mg-Nd sample before
and after tensile loading. Figures 9�a� and 9�c� show the
relative change in the angle between the �0002� direction and
surface normal for each grain before and after tensile loading

TABLE II. Refined instrumental calibration parameters obtained from in-
dexation of the Si reference material.

�
�°��

2�
�°2�� Xcent Ycent

dd
�mm�

X�
�°�

X�
�°�

20 40 920.5 730.5 46 −0.75 −0.2

FIG. 7. Optical microscope image of the polished Mg-Nd sample providing
an indication of the average grain size, magnification �50.

FIG. 8. Experimental diffraction pattern from the annealed Mg-Nd sample,
exposure time 1 h. Squares and Miller indices represent indexation of the
“‘highest integrated intensity” grain.
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respectively. Figures 9�b� and 9�d� show the relative change
in the angle between the �1010� direction and the in-plane
sample x direction �tensile axis� for each grain before and
after tensile loading, respectively. In the annealed state the
majority of Mg-Nd grains display a basal orientation with a
random in-plane orientation, a texture commonly encoun-
tered in bulk measurement studies from rolled Mg alloys.36,37

An indication of the grain size can also be ascertained from
the sample scanning approach. For the Z stage positions of
14.98 and 15.00 mm the out-of-plane and in-plane orienta-
tions are practically equal �Figs. 9�a� and 9�b��. This signifies
diffraction from the same grain at least 40 �m in size. In
principle, the resolution of the grain size measurement is
dictated by the step size.

For the loaded sample some of the grains in the initial
basal texture appear to undergo an orientation change of 30°
with respect to �0002�, initiated by plastic deformation at a

load of 2.5% strain. Since the sample had to be removed to
perform tensile loading it was not possible to locate the same
grain set to make a direct comparison, hence relative changes
discussed in this study are restricted to grains from a similar
region in the sample. Independent of this, further studies are
presently being undertaken to determine the microstructural
significance of the observed orientation change. In conjunc-
tion with the observed orientation change the induced plastic
deformation also produced streaking �broadening� and split-
ting of the diffraction spots. These effects are caused by dis-
location slip promoting grain sub-division. This is in agree-
ment with the collected line scans showing unique grains for
each step increment. This aspect of the work, determining
the twin type and/or slip mechanisms is currently in
progress.

An additional feature of the diffraction measurements is
the ability to measure the induced lattice strain �d-spacing�

FIG. 9. Out-of-plane and in-plane
�tensile axis� orientation from indexed
grains that exhibit the highest inte-
grated intensity from the line scan data
of the annealed �a�, �b� and tensile de-
formed �c�, �d� Mg-Nd sample. �a�,�c�
Out-of-plane orientation relative to
�0002�, �b�, �d� In-plane orientation
relative to �1010�, parallel to the ten-
sile axis.
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based on the observed spot positions relative to the “strain
free” state. Expressed in tensor notation the measured strain
can be specified for a given sample direction. The results for
the in-plane strain components �	XX and 	YY� for the line
scan data are illustrated in Fig. 10. As mentioned, it was not
possible to make a direct comparison between grains before
and after loading and so relative lattice strain shifts are based
on an average effect. Prior to deformation, the points for the
in-plane strain, in the tensile direction 	XX and transverse
direction 	YY are approximately zero, a result consistent with
the post rolling anneal. After tensile loading, the majority of
grains exhibit a tensile strain parallel to the load axis and
compressive component perpendicular to the tensile axis.

IV. DISCUSSION

As demonstrated for the MgNd alloy, the microdiffrac-
tion system and subsequent data processing was used to de-
termine the orientation matrix and strain tensor of individual
grains in a bulk matrix before and after load application. The

ability to measure this microstructural information at an in-
dividual grain level should provide useful input and verifica-
tion for the next generation of deformation models. For ex-
ample, the ability to track the orientation of individual grains
provides a precise method for determining twinning mecha-
nisms as a function of applied load. Moreover, the ability to
quantify individual grain structure information from a labo-
ratory instrument serves as a highly useful preliminary data
set if further high-resolution �XRD studies are to be per-
formed at a synchrotron facility.

To improve the statistical relevance of the measured in-
dividual grain data, an increased population of grains must
be characterized. This is an area which demands further in-
strument development. Having proven that the weakly scat-
tering diffraction pattern can be adequately collected using
image plates, a primary focus of continued instrument devel-
opment lies in the area of data collection automation. For the
samples studied in this report preliminary measurements
have been carried out with an uncooled CCD detector. Even
with the poor dark current characteristics of the present CCD
it was possible to collect diffraction patterns within
�30 min. Further work is planned using a cooled CCD with
an increased active area size. The addition of data collection
automation will greatly assist in the ability to track a greater
ensemble of grains and will also improve triangulation meth-
ods to establish the scattering depth of individual grains.

V. CONCLUSION

By utilizing the small spot size capabilities of a micro-
focus x-ray source coupled with the flux gain achieved with
a single bounce capillary optic, a laboratory microdiffraction
system with a spatial resolution of 10 �m was realized. In
conjunction with the high-spatial resolution, the continuous
nature of the x-ray �polychromatic� spectrum of the tungsten
source enabled diffraction measurements to be performed
without requiring sample rotation. Indexation of the experi-
mental diffraction pattern arising from individual grains in a
bulk polycrystalline Mg-Nd alloy was achieved with the
software package XMAS. Using a raster scan approach and
with subsequent analysis, for the majority of grains, a gen-
eral basal �0002� grain orientation was observed in the post
roll annealed Mg-Nd sample. After tensile loading to an en-
gineering strain of 2.5%, the individual grain texture ap-
peared to undergo an orientation change of 30° with respect
to �0002�. The applied strain was quantified as an in-plane
tensile and compressive strain parallel and perpendicular to
the load axis respectively.
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